Abstract-System right-sizing is critical to implementation of wireless power transfer (WPT) for electric vehicles. This study will analyze potential WPT scenarios for the electrification of shuttle buses at Zion National Park utilizing a modelling tool developed by the National Renewable Energy Laboratory called WPTSim. This tool uses second-by-second speed, location, and road grade data from the conventional shuttles in operation to simulate the incorporation of WPT at fine granularity. Vehicle power and state of charge are simulated over the drive cycle to evaluate potential system designs. The required battery capacity is determined based on the rated power at a variable number of charging locations. The outcome of this work is an analysis of the design tradeoffs for the electrification of the shuttle fleet with wireless charging versus conventional overnight charging.
INTRODUCTION
In partnership with the Department of Energy's Clean Cities group and the National Park Service (NPS), National Renewable Energy Laboratory's (NREL's) Fleet Test and Evaluation team is evaluating the in-use performance of Zion National Park's propane power shuttle buses. The Park began running shuttle buses in 1999 to reduce traffic congestion in the narrow canyon with over 5 million passenger embarkings in FY2015 alone. The fleet comprises 39 propane power units and 23 passenger trailers. As the propane powered fleet continues to age and maintenance costs increase, the NPS is looking to convert 14 of their power units to electric battery power. NREL's Vehicle Grid Integration team has used the data collected to study the impact to the grid and the vehicle design that wireless charging along the travel route could impart. Specifically the focus of this work is to understand how in-route charging could reduce the energy storage requirements of the vehicles.
II. WPTSIM TOOL
A MATLAB-based simulation of battery power and state of charge (SOC) over the drive cycle, WPTSim, is utilized to compare potential system designs. WPTSim employs the Future Automotive Systems Technology Simulator (FASTSim) [1] [2] vehicle powertrain modelling tool, to determine the power required at each one-second time step using a spectrum of vehicle-specific parameters which are characteristic of the proposed electric shuttle bus. The simulation effort builds on a previous work [3] where the approach is to split the drive cycle into i = 1; 2; … n segments, each extending from starting time t start,i to ending time t end;i , based on vehicle speed, and position. Each segment is classified as one of four types that dictate the algorithm that will be applied by the co-simulation between WPTSim and FASTSim: (1) driving without wireless power transfer (WPT), (2) driving with WPT {includes stationary wireless charging}, (3) parked, or (4) parked with stationary conductive charging {optional}.
Wireless charging is incorporated into the model through the creation of geographic WPT boundary regions. These regions are defined around existing stop locations along the shuttle route where wireless charging could be utilized. At each of these boundary regions WPT is simulated with a transmitter at various rated power levels and a detailed power coupling map. The location of the transmitters is assumed to be at the fixed stop locations, within the WPT boundary, defined by the recorded vehicle speed, e.g., V veh = 0, where the shuttles rest to allow passengers to embark or disembark. Therefore, during each pass through a WPT region it is assumed that the position of the longest stop duration is the center of the transmitter coil, as this location would be visibly marked for the driver to stop. Further, variation in power transfer capability can be simulated by varying the alignment position from the center of the stop location and utilizing the power coupling map of the transmitter. Fig. 1 provides an example of the segmentation of a drive cycle for WPTSim; this includes all four types of the segmented drive data as previously identified with multiple WPT boundary regions highlighted in brown, orange, green, light blue, and blue. 
DATA COLLECTION AND PROCESSING

A. Collection Methodology
In order to understand the specific drive cycle of the vehicles at Zion, onboard data loggers have been deployed to nine vehicles operating on the 16 mile Zion Canyon Shuttle route. This route runs from the Visitor Center to the Temple of Sinawava and back again with seven stops along the route which are stopped at in both directions. All of the 45-passenger power units operating on the route pull an unpowered passenger trailer with a capacity of 60 seated passengers for combined seated capacity of 105 passengers. The logged data such as vehicle speed, engine speed, and engine torque from the vehicle's Controller Area Network (CAN) communication bus as well as high precision GPS/GLONASS positional data to understand dispatching patterns and evaluate the effects of road grade on system requirements. Data for this study was collected from a subset of nine power units of the propane powered fleet from May 11, 2016 to May 24, 2016. These shuttles were used on the spring schedule of the route which has the first shuttle departing the Visitor Center at 7:00 AM and the last shuttle departing the Temple of Sinawava at 7:45 PM [4] . This data has been used with the NREL developed WPTsim tool to identify the number of trips made from Visitor Center to the Temple of Sinawava stop. Further this tool has been used to identify the mean rest time at five stops along the route which have been identified as potential locations to analyze the addition of in-route wireless charging. Stops on the shuttle route beyond the Zion Lodge stop have not been chosen as electricity is not available beyond the lodge and is expected to be impractical to extend given the terrain. See Fig. 3 for a route map with each of these first five stops identified. The operational details and mean dwell time have been included in Table I . It should be noted that the data presented here is for the spring schedule, which is not representative of the busier summer schedule that includes extended hours of operation resulting in more daily trips for the buses and higher average passenger counts as compared to spring and fall seasons. The increase in the passenger count may impact the dwell time at the stops. Data from this summer route will be collected and analyzed for a future publication. 
B. Estimating Route Grade
The Zion shuttle system provides transportation up a narrow canyon from the park Visitor Center to the Temple of Sinawava stop. The narrow canyon that the shuttle travels makes GPS-derived location and thus elevation difficult to obtain from each individual trip. In order to provide a consistent grade profile for the simulation of in-route charging the data from 63 trips with a GLONASS-enabled GPS device has been used to develop a median fit elevation profile for the route. This elevation profile is used to determine the grade for each time step of the collected data based on the distance travelled (as determined from the recorded vehicle speed reported over CAN) along the 16-mile route starting from the visitor center stop. Since travel not on the route is confined to the service facilities near the visitor center where the change in elevation is relatively minor and this amount of travel is insignificant in relation to the on-route travel; the grade calculation has not been estimated for this portion of the travel data. Fig. 4 provides a summary of the elevation and grade calculations for the route. 
IV. SIMULATION
A. Vehicle Simulation Parameters
The National Park Service issued a solicitation [5] for the electrification of this shuttle route which specifies a conversion of 14 of the existing propane shuttles. A baseline FASTSim model was developed to represent the electric vehicle (EV) conversion combined power unit and trailer based on the existing fleet. A selection of the critical parameters that have been defined for this vehicle model is included in Table II . The primary design criterion for the definition of the baseline vehicle is to maintain the existing passenger capacity of 105 people (7,144 kg) for the combined power unit and trailer while not exceeding the gross vehicle weight rating (GVWR) of 24,040 kg. The baseline vehicle for these simulations must also complete the daily travel on a single overnight charge which requires 435 kWh of total energy based on the WPTSim model. It should be noted that this baseline vehicle equates to an empty curb weight (excluding batteries and passengers) of 12,555 kg which requires a challenging reduction of 4,327 kg from the existing shuttle when converting from propane to electric. This however is the only design combination that allows for an EV without WPT to meet the requirements of the route and serve as a reasonable baseline to compare the capabilities of WPT along the route. Table III provides the simulation results confirming the selected energy storage requirement and provides the baseline energy requirements for the 16 mile route. 
B. WPT Cases and Simulation Results
Review of the dwell time analysis from the collected travel data leads to the conclusion that charging at the Visitor Center (Stop 1) and at the Zion Lodge (Stop 5) should be prioritized given the longer mean dwell times compared to the other three stops, which have shorter dwell times. The solicitation proposes having two 100-kW fast charging systems of which one is located at Visitor Center (Stop 1) and the other is at the Museum (Stop 2). These locations are believed to provide the best access to the existing electrical services. Further it should be noted that Zion Lodge does have an existing electrical service.
Four cases were selected based on both the dwell time and the ease to provide electricity and are as follows: (1) WPT at Stops 1 and 2, (2) WPT at Stops 1 and 5, (3) WPT at Stops 1, 2, and 5, and (4) WPT at Stops 1, 2, 3, 4, and 5. These cases have been simulated with WPT power capabilities of 100 kW, 150 kW, and 200 kW where the battery capacity has been reduced until enough energy remains to meet the travel profile of the worst day while maintaining at least 10% SOC when the shuttle returns to the depot. Further, the energy storage capacity has only been reduced such that the maximum WPT charge power at any stop does not exceed twice the capacity rating of battery in order to remove long duration charge events as a consideration for battery life. Table IV contains the energy storage capacity reduction results from a sweep analysis of WPT power rates under each of the four cases. These results have been aggregated for all collected bus data. The net trip energy is calculated by taking the total energy used to complete the route and subtracting the energy captured during the stops along the route. Battery capacity in these WPT cases decreases with a reduction in the mean net trip energy, however, the standard deviation of the net trip energy increases. This is a result of the variability in the dwell time at each stop affecting the captured power during each trip. The minimum SOC shown in table IV is the global minimum across all days in the data. This SOC has been used to determine whether additional capacity can be removed, which has been removed in steps of 5 kWh, as the 85 days' worth of travel data has been assumed to contain sufficiently diverse combination of deviation in trip energy. Fig. 5 shows the relationship between capacity reductions and the total power capacity of WPT along all stops for each case. On a kWh per kW basis none of the cases simulated appear to cross the parity line, however, the case 2 scenarios are the nearest. These results indicate that the case 2 scenarios are likely the most cost effective solutions from a material cost perspective on the basis of offsetting installed battery capacity in an EV which only charges overnight. Table V provides perspective of the allowable cost for these WPT systems with a battery system cost of $230/kWh [7] for 14 vehicle conversions. The total WPT system cost in this table represents the total material cost for the onboard receiver equipment for all 14 vehicles and ground transmitters at both WPT stops. Additionally, the same calculation for case 1 has been included to provide a relative point of comparison. 
V. CONCLUSIONS
A fleet equipped with in-route wireless charging has the opportunity to reduce battery pack size and mass which will improve energy efficiency of the vehicle. This study examined a situation in which the conversion effort required a significant mass reduction in the existing vehicle in order to maintain passenger capacity and allow for overnight charging. This reduction may not be practical which would require the operation of the shuttle fleet to change in order to accommodate additional daytime charging for a vehicle which meets the passenger requirement but does not have the required range to meet a full day of operation.
This analysis has shown that the design of a WPT system can be accomplished at the locations identified by the solicitation for fast charging (e.g., stop 1 and stop 2) and that this still achieves a substantial reduction in over half the battery capacity though at a higher power level. While these locations are not ideal from the perspective available dwell time and WPT equipment utilization, the difference in electrical service cost may outweigh the derived value from the additional battery capacity reductions. Actual implementation of WPT systems at Zion National Park will be highly dependent on individual system components and could be further optimized with minor changes in the route schedules. Normalization of dwell time of at the selected stops could reduce the variability in the trip net energy allowing for smaller onboard energy storage systems to be achieved.
VI. FUTURE WORK
This study has omitted a few key impacts when comparing an overnight charging shuttle system to one that has WPT enabled in-route charging. Demand charges will affect the operational cost of fueling and there may be a positive impact from in-route charging compared to evening only charging as this will have the effect of spreading recharge throughout the day. Electrical infrastructure installation costs for the WPT system across the route could be more expensive than that of a single electrical service required at the shuttle depot for overnight static charging, which will still be required, though at a smaller power level, in these WPT scenarios. Battery capacity reductions have been limited to a level which allows for WPT charging at a rate of twice the energy capacity, or a 2 C-rate. Analysis of battery life and battery chemistry could result in a solution with greater reduction in the battery capacity thus improving the system cost analysis. Analysis of the summer schedule may impact the overall sizing of the system as the number of daily loops will change with the potential of different dwell times at each stop.
